The separate effects of light intensity (O-3,000 pmol quanta m-2 s-l) and temperature (5"-45"C) on excretion of dissolved organic carbon (DOC) by three phytoplankton species were examined under controlled laboratory conditions in axenic cultures. Ours is the first comparative study of the effects of a wide temperature and irradiance range on DOC excretion by different species of phytoplankton under identical conditions. Tight coupling was found between the rates of carbon fixation and of absolute DOC excretion over a wide range of h-radiances (O-l,500 pmol quanta m-2 s-l) in all three species with excretion ranging from 1 to 55% of production. Chlorda vulgaris and Synechococcus sp. showed parallel temperature-dependent changes in photosynthesis and of absolute DOC excretion (5"-45"C); in Isochrysis galbana absolute excretion was temperatureindependent, but photosynthesis was temperature-dependent. In all cases, increased excretion percentages were found under extreme irradiances and temperatures that depressed photosynthesis. In general, we suggest that high fluxes of DOC toward bacterial food chains may be expected only under conditions favorable for photosynthesis, although the percentage of DOC excretion is then low.
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Excretion of dissolved organic carbon (DOC) by photosynthesizing phytoplankton has been reported frequently (Fogg et al. 1965; Aaronson 197 1; Berman and Holm-Hansen 1974; Chrost and Faust 1983) . Sharp (1977 Sharp ( , 1978 criticized some reports of phytoplankton releasing large amounts of photosynthate and pointed out that these amounts may be experimental artifacts. Problems included methodological errors in the 14C technique such as incomplete purging of unassimilated 14C, use of contaminated tracer stocks, artificial increase in leakage from cells during filtration or centrifugation, and shock caused to algae in the course of experiments. Fogg (1977) argued against this view and supported previous, careful studies in which 5-50%, and in some instances as much as 90%, of assimilated 14C was excreted as DOC (Fogg et al. 1965 ). Aaronson (197 1) underscored the prevalence of the phenomenon under carefully controlled laboratory conditions. High percentages of [14C]DOC excretion by phytoplankton under natural conditions were also found by Thomas (197 l) , Berman and Holm-Hansen (1974), and Mague et al. (1980) . All of these workers took precautions to prevent possible overestimates of excretion, as is acknowledged by Fogg (19 8 3). Mague et al: ( 1980) carefully studied various error sources in measuring DOC excretion, such as effects of duration of bubbling on the elimination of unassimilated 14C and of filtration pressure on artificial losses of labeled organic substances from the cells.
The extracellular products of phytoplankton are used (incorporated) by heterotrophic bacterial populations and thereby enter aquatic food webs (Wicbe and Smith 1977; Lancelot 1979; Larsson and Hagstrijm 1982; Azam and Ammerman 1984) . The importance of microbial food chains parallel to the grazing ones is emerging in many studies. In such food chains, bacterial picoplankton and ultraplankton are preyed on by heterotrophic flagellates and ciliates (Sherr and Sherr 1984; Sieburth 1985) . These protozoans are subsequently thought to become food for copepods (Robertson 1983) . Peterson (1984) in his model of carbon flow estimated that algal excretion contributed about 73% of bacterial metabolic needs. This figure, however, includes DOC from intact cells, as well as organic' compounds released by cell lysis. Sharp's (1984) opinion is that Peterson's value is an overestimate and that the true value is -25%.
Most previous studies dealing with the effect of light intensity on DOC excretion have been carried out in situ by enclosing phytoplankton samples at various depths and comparing excretion rates with irradiance levels (Fogg 1965; Thomas 197 1; Berman and Holm-Hansen 1974; Berman 1976; 831 Mague et al. 1980; Watanabe 1980) . In all of these studies, high percentages of assimilated CO, were excreted both next to the surface, at maximal irradiance levels, and in the lower part of the euphotic zone.
ln such in situ experiments it is impossible to isolate the effects of irradiance from these or other environmental factors, such as differences in temperature, salinity, and oxygen concentration in the water column (Faust and Chrost 198 1) . Furthermore, depth affects not only the total irradiance level, but also its spectral distribution-a factor which has been shown to influence rates of DOC excretion (Brown and Geen 1974) . The temporal instability of irradiance due to time of day or cloud cover is another complication inherent to in situ incubations. In addition to these difficulties, natural phytoplankton assemblages contain heterotrophic bacteria that assimilate significant fractions of the DOC excreted by phytoplankton in the course of incubation. Few have examined the effects of irradiance levels on DOC excretion under controlled laboratory conditions. Verity (198 1) examined rates of DOC excretion by the marine diatom Leptocylindrus danicus Cleve under 49 combinations of temperature (5", lo", 15", 20"C),daylength(l5:9, 12: 12,9: 12 light/dark) and four irradiance levels.
Excretion rates of Leptocylindrus were linearly related to irradiance levels and independent of temperature. Under a 15 : 9 (W D) photoperiod, excretion rates were reduced as compared to the other two light regimes. These results differ from those reported by Ignatiades and Fogg (1973) , whose data on the marine diatom Skeletonema costatum show little increase in DOC excretion as irradiance increased from zero to saturating levels.
This difference in trend is difficult to explain on methodological grounds alone, since experimental procedures were similar. In both studies unincorporated 14C was eliminated by acidification to pH 3 followed by 45 min of bubbling. Although Verity used UV to oxidize any organic contaminants which might be present in the 14C stocks, Ignatiades and Fogg relied on subtraction of controls and blanks from their DOC values to account for any such contaminants, if present. Unlike Ignatiades and Fogg (19'73) , Verity ( 198 1) used axenic and preacclimated cultures. Little is known about the effects of extremely high irradiance levels, such as do cause photoinhibition, as well as of extremely low levels, where photosynthetic rates are also severely limited. Ignatiades and Fogg (1973) reported higher absolute DOC excretion at inhibitory irradiance levels than those found under lower light intensities. Belay and Fogg (1978) , using a similar 14C procedure, found a correlation between increases in photoin hibition and rates of DOC excretion in the freshwater diatom Asterionella formosa but did not compare these rates with those occurring under lower irradiances.
Concerning temperature effects on DOC excretion, there are few studies. Watanabe (1980) , working in situ with natural populations, found that excretion percentages increased whenever temperatures were either too low (5OC) or too high (35"-40°C) for optimal photosynthesis (20"-30°C). Verity (198 1) in the above-mentioned study, found no temperature effect on excretion rates from 5" to 20°C. Marked temperature effects on DOC excretion were reported by McLaughlin et al. (1960) who studied excretion of carbohydrates by the dinoflagellate Katodinium dorsalisulcum, and by Dohler (1972) who measured the absolute excretion of :glycolate by the unicellular rhodophyte Phorphyridium cruenutum. Carbohydrate excretion was found to be inhibited by low temperatures while glycolate excretion peaked at 15°C and was totally inhibited above 27°C. Since these studies differed in methodology, in the algal species studied, and in the compounds whose excretion was followed, it is hard to compare them. Verity (198 1) followed the excretion of all organic 14C1, McLaughlin et al. (1960) looked at total carbohydrate excretion, and Dohler (1972) checked glycolate alone.
The aims of the present work were to reexamine the effects of irradiance and ternperature on DOC excretion in order to res#olve the differences between previous studies and to study the relationship between photosynthesis and extracellular release. Using axenic cultures in controlled laboratory conditions, we studied the effect of irradiance (O-3,000 pmol quanta m-2 s-l) and temperature (5"-45°C) on rates of photosynthesis and excretion levels of planktonic algae representing different taxonomic groups.
and irradi- (Starr 1978) . The algae were grown axenically in 500-or 1 ,OOO-ml Erlenmeyer flasks. Cultures were gently shaken and kept under continuous illumination (150 pm01 quanta mm2 s-l) at 22°C.
Chlorella vulgaris
Isochrysis galbana Synechococcus sp. 0, 2, 5, 10, 5, 10, 15, 30, 50, 300, 20, 25, 30, 1,500, 3,000 35,40, 45 0, 5, 20, 50, 5, 10, 15, 300, 1,000, 20, 25, 30, 3,000 35 0, 3, 5, 50, 5, 10, 15, 150, 500, 20, 25, 30, 3,000 35,40 * The temperature in irradiance experiments was 22"C, and the irradiance in temperature experiments was 10 pm01 quanta m-l s I.
Algae from exponentially growing cultures were used for all experiments. For the illumination experiments, 20-ml samples were incubated in 1 OO-ml Erlenmeyer flasks. They were exposed to the irradiance levels listed in Table 1 . In these experiments, the light source was a quartz-halogen slide projector, and the desired irradiance level was obtained by adjusting the distance between the flasks and the light source and by wrapping the flasks with different thicknesses of black plastic screening. Irradiance was measured as quantum flux with a LiCor 185B meter and a LI-190SB sensor. In the temperature experiments, 1 O-ml samples were placed in special test tubes in a temperaturegradient incubator, where gentle shaking and a desired temperature in each test tube ( + 0.1 "C) were maintained during incubation. The light source was a high-intensity fluorescent lamp (Phillips TL/MF Double Flux) which provided 10 pmol quanta mm2 s-l in the sample. Before the radioisotope was added, samples were allowed to reach experimental temperatures (Table 1) . All experiments included dark controls, and in all cases algal densities were determined by counting triplicate samples on a Neubauer hemacytometer.
Samples were incubated with 10 FCi NaH14C0, for 4 h (Fogg 1983) with continuous gentle shaking. In the light-intensity experiments, temperature during incubation was 22°C; incubations were terminated by placing the flasks in the dark and immediately filtering. Temperature experiments were terminated by adding DCMU to a final concentration of 10 PM. Neither placement in the dark nor addition of DCMU caused increased excretion.
From each treatment, three 3-ml samples were filtered on 25-mm filters (Millipore 0.45 pm for C. vulgaris and I. galbana, Millipore GSWP 0.22 pm for Synechococcus sp.). Risk of damage to cells (Berman and Holm-Hansen 1974; Sharp 1977; Harris 1980; Fogg 1983 ) was minimized by filtering under gravity alone with no applied vacuum.
After filtration, filters were fumed over concentrated HCl for 1 min to drive off any unassimilated 14C and placed in scintillation vials. Filtrates were acidified with concentrated HCl to pH 1 and allowed to stand in a fume cupboard for 12 h to ascertain complete elimination of inorganic 14C. This precaution was routinely taken and consistently gave very low blank values, never exceeding 5% of absolute excretion levels, even at the lowest rates. Blank values were always subtracted from experimental results. Extracellular excretion was expressed as percentage of total assimilated 14C:
Determination of excreted DOC was done where DOC is dissolved organic 14C and with l 4C as a tracer (Steemann Nielsen 19 5 2) . POC is particulate 14C in the same volume. POC and DOC were both expressed as dpm after subtracting background counts. Excretion percentages were calculated for each filter and the corresponding filtrate. Means and standard deviations were then calculated for the three replicates of every treatment. Standard deviations are shown on all figures except when they were smaller than the symbols we used.
Results
The highest perccntagc excretion rates (42-55%) were measured in the dark because dark uptake of 14C was small. They decreased to 6-l 2% at the lowest irradiance levels (2, 3, and 5 pmol quanta m-2 s-') and to l-3% at all others ( lo-1,500 pmol quanta me2 s-l) except at the maximal intensity examined, 3,000 pmol quanta m-2 s-l, where rates increased somewhat, up to 5-7% (Fig.  1) . In all three algae, a nearly linear relationship between carbon fixation and absolute excretion was found under limiting and saturating irradiance levels (Figs. 2 and  3 ). Above them, with the onset of photo- inhibition (50, 500, and 1,000 pmol quanta m-I' s-l for C. vulgaris, Synechococcus sp., ancl I. galbana respectively), considerable dillerences among the three algae were evident. In C. vulgaris absolute excretion decreased as photoinhibition increased, while in 1: galbana and Synechococcus sp. the trend was reversed. Ezxamination of the effect of temperature on the percentage of DOC excretion (Fig.  4a ,b,c) shows relatively low ratios (l-l 0%) at temperatures optimal for photosynthesis (15"-30°C) and considerably higher ones when photosynthesis was reduced (35"-45°C) (Fig. 4d, e, f) . Only at low temperatures (5"-'10°C) did the three algae differ in their excretion patterns. In C. vulgaris low excretion ratios (0.6-l%) persisted at these temperatures (Fig. 4a ), but they increased in both Z. galbana (7-25%, Fig. 4b ) and Synechococcus sp. (3.5-l 3%, Fig. 4~ ).
In C. vulgaris and Synechococcus sp. absolute excretion followed the same temperature-dependent pat tern as photosynthesis throughout the entire range (5-45%), although in Synechococcus sp. photosynthetic rates began decreasing above 25°C whereas excretion peaked at 30°C (Fig. 4a, d , c, f).
Absolute excretion in I. galbana was temperature-independent between 5" and 35°C whereas photosynthesis showed very con- siderable temperature effects (Fig. 4b, e) . In all three algae, absolute excretion in the dark (Fig. 4a,b,c ) was constant and considerably lower than in the light over a wide range of temperature (1 O"-30°C). Discussion ious water bodies was measured (e.g. Fogg et al. 1965; Berman and Holm-Hansen 1974; Berman 1976; Mague et al. 1980; Watanabe 1980) . Our experiments, by isolating the effects of light from other environmental factors, have shown its dominant role in determining excretion percentages. Our results in the experiments on the efThe increase in the percentage of excreted fect of light on the excretion percentages DOC associated with photoinhibition regenerally agree with those of in situ studies sults from a combination of reduced phowhere excretion at different depths in vartosynthesis ( Fig. 2) and increased absolute DOC release as was the case in I. galbana and Synechococcus sp. (Fig. 3) . It has been suggested that this increase in absolute excretion rates is due to enhanced glycolate release (Berman and Holm-Hansen 1974; Berman 1976; Fogg 1983) . Under a combination of high irradiance with a low CO, : O2 ratio in the water, production of glycolate through photorespiration increases (Tolbert 1979; Harris 1980) . These conditions are usually found whenever photoinhibition occurs and may explain our data at 3,000 pm01 quanta m-2 s-l.
Experiments on DOC excretion in deep layers of the water column or under extremely low irradiance levels should be conducted with caution, since such data are highly susceptible to overestimates due to contamination of 14C stocks with organic 14C and incomplete removal of unassimilated inorganic radiocarbon (Fogg 19 8 3) . Nevertheless, high percentages of DOC excretion show up consistently under low light conditions in meticulously executed studies, like those of Berman and Holm-Hansen (1974) , Berman (1976), and Mague et al. (1980) and were also found in the present study where all precautions were taken to minimize the above-mentioned difFiculties. It may well be that the high excretion percentages observed under low irradiance levels either in laboratory experiments or in nature in the lower part of the euphotic zone are due to dark fixation of CO2 (Watanabe 1980; Fogg 1983) . When our DOC excretion data are examined as absolute values, not as percentages, a rather different pattern becomes evident. In all three organisms examined in our study absolute excretion increased nearly linearly with irradiance, up to and including irradiances saturating photosynthesis (Fig. 3) . These results agree with those of Verity (198 1) and support his hypothesis directly linking excretion rates with those of the photosynthetic production of organic matter. In other laboratory studies no such relationship was found (Ignatiades and Fogg 1973) .
All algae in the present study were grown under standard conditions and were not preadapted to the various experimental combinations of irradiance and temperature under which the incubation with 14C took place. This procedure is closer to the situation in nature, where they are exposed to continuously changing environmental conditions. Nevertheless, our results are similar to those of Verity (198 I) , who did use preadapted cultures. Verity, as we did, used 14C tracer methodology to study DOC excretion, but he followed a different procedure to eliminate unincorporated radioisotope and correct for possible contamination of stocks with organic 14C. The agreement between our results and his underscores the fact that different experimental procedures will still yield compatible data, as long as they avoid the well-known pitfalls involved in the study of DOC excretion by phytoplankton.
VVe also examined excretion rates under irradiances causing inhibition of photosynthesis. Under such conditions the response of I. galbana and of Synechococcus sp. was similar; both showed a moderate increase in e:xcretion in spite of the reduction in their photosynthetic rates. In the case of C. vulgaris, photosynthetic rates and absolute DOC excretion decreased at irradiance levels ~50 pmol quanta rnh2 s-l, with photosynthetic rates decreasing more than excretion at '> 1,000 pm01 quanta m-2 s-l.
These results suggest that different mechanisms may control rates of DOC excretion under photoinhibitory irradiance levels in various phytoplankton species. Although DOC excretion in C. vzdgaris remains coupled to photosynthesis, even under photoinhlibition, it does not with the other two organisms. In them the increased DOC excretion under high light may result from increase in the photorespiratory production of glycolate. This process removes oxygen that might damage the photosynthetic apparatus. In addition to such interspecific diffcrences, environmental variation in CO2 : O2 ratios is also likely to aflect photorespiration rates (Harris 1980) and thereby DOC excretion. This variation may explain the increase in DOC excretion found by Watanabe ( 1980) near the water surface in Lake Nakanuma during August when oxygen levels and irradiance in the upper part of the water column were high enough to increase ratios of photorespiration to photosynthesis.
The literature dealing with temperature effects on phytoplankton excretion under controlled laboratory conditions is scant and contradictory.
Absolute excretion by the diatom L. danicus Cleve was unaffected by temperature in the range of 5"-20°C (Verity 198 l) , but carbohydrate excretion by the dinoflagellate K. dorsalisulcum (McLaughlin et al. 1960) and glycolate excretion in the rhodophyte P. cruenutum (Dohler 1972 ) did show temperature sensitivity.
The results of the present study, spanning the temperature range of 5"-45"C, support the concept of interspecific variation in the temperature response of DOC excretion in phytoplankton.
It may explain discrepantics found in the literature. In C. vulgaris and in Synechococcus sp., excretion rates were highly temperature sensitive, whereas in I. galbana they remained nearly constant between 5" and 35°C. The temperature sensitivity of DOC excretion of our C. vulgaris and Synechococcus sp. was similar to that of K. dorsalisulcum and P. cruenutum (McLaughlin et al. 1960; Dohler 1972) . This agreement is especially noteworthy, because these studies differed in experimental principle and methodology. In the organisms that did show temperature-dependent changes in DOC excretion, this trend may be explained by the parallel temperature response of photosynthesis and excretion. In the two organisms we studied that did show temperature sensitivity in DOC excretion, photosynthetic carbon assimilation increased as the rate of temperature-dependent, enzymatic dark reactions increased to a maximum at 20°-25°C. At these temperatures, light becomes the factor limiting photosynthetic production of organic compounds, including those being excreted. Further increase in temperature leads to depression of photosynthesis due to changes in spatial configuration of various enzymes as well as to corresponding reduction in DOC excretion.
Our results showing that absolute DOC excretion in I. galbana, unlike photosynthesis, is independent of temperature agree with those obtained by Verity (198 1) with the diatom L. danicus. It may be that this similarity stems from affinities between the Bacillariophyceae and the Prymnesiophyceae (Lee 1980), although such a generalization would require the study of DOC excretion in additional members of these groups. The same is true for the differences in temperature response found between the two freshwater species and the marine one. Neither previous studies nor the present one specifically address the effects of marine vs. freshwater environments or that of the osmoticum of the medium on DOC excretion. The relation between temperature and excretion percentages we found (Fig. 4a,b,c) generally agrees with the results of Watanabe (1980) in his studies of natural, mixed, lake phytoplankton. No parallel studies were done with marine phytoplankton or on axenic unialgal cultures where no heterotrophic uptake of DOC is possible, as was the case in the present work. The increase in DOC excretion percentages found in temperatures above and below those optimal for photosynthesis results from reduction in carbon assimilation
and not from an increase in absolute DOC excretion.
Cellular metabolism generally is affected under suboptimal temperatures. These effects include disturbance of various enzymatic pathways controlling the conversion of photosynthate into secondary metabolites required for cell growth and division. Such metabolic imbalances lead to increased excretion of primary photosynthetic products (Harris 1978; Soeder and Bolze 198 1) . It is possible that the steeper increase in DOC excretion percentages at temperatures higher than those under low ones may be the result of a direct temperature effect on cross-membrane transport rates.
The overall correlation between rates of photosynthesis and absolute excretion suggests that under most combinations of environmental conditions, whenever primary productivity is limited by irradiance or temperaturc, so will be the input of DOC into the ecosystem. This consideration also applies to the depth distribution of DOC production. DOC excretion will decrease in parallel to photosynthesis along with irradiance levels and usually with temperature as well. These considerations are fully supported by most field studies in various aquatic environments, whenever depth profiles of DOC excretion have been examined in relation to primary productivity (Anderson and Zeutschell970; Berman and HolmHansen 1974; Berman 1976; Mague et al. 1980 ). This relation may not always hold in the uppermost part of the water column under conditions causing photoinhibition of photosynthesis. In these cases, additional factors such as interspecific differences as well as changes in the CO, : O2 ratio in the water may complicate the relation between photosynthesis and DOC excretion.
We conclude that under a wide range of irradiance levels (1 O-3,000 pmol quanta m'-2 s-l) and temperatures optimal for photosynthesis the percentage of excreted DOC in the three algal species we examined always was < 10%. Only below these light intensitics and under temperatures unfavorable for photosynthesis did the fractions of excreted photosynthate increase.
Our results lead to the conclusion that in nature there is rarely a loss of large amounts of assimilated carbon as DOC from nutrient-replete phytoplankton. Significant fluxes of DOC into aquatic ecosystems from actively growing phytoplankton occur whenever photosynthetic rates are high, although under such conditions the percentages of excreted carbon are low.
